The bvgABC operon of the bacterial pathogen Bordetellapertussis encodes a sensory transduction system that regulates the expression of several virulence genes in response to environmental stimuli. In this study we have examined the transcriptional regulation of the bvgABC operon. Transcriptional bvg::kacZYA fusions in Escherichia coli show that the bvgABC operon is autogenously activated. Autoactivation is inhibited by the same environmental stimuli that result in the lack of expression of bvg-activated genes in B. pertussis. These observations were confimed in B. pertussis using a chromosomal chloramphenicol acetyltransferase transcriptional fusion in bvgC. Transcriptional initiation sites upstream of bvgA were mapped by primer extension analysis inE. coliandB. pertussis. Two differentially regulated bvg promoters were identified.
The bvgABC (vir) operon is required for the coordinate regulation of numerous virulence-associated factors produced by Bordetella pertussis, a respiratory pathogen (1, 2) . Expression of these virulence factors is regulated by environmental stimuli through a signal transduction phenomenon called phenotypic modulation (3, 4) . Genes that are positively regulated by the bvgABC operon are no longer expressed by B. pertussis cells grown at low temperature (30°C vs. 37°C) or at 37°C in the presence of high levels of MgSO4 or nicotinic acid; in contrast, under the same conditions the otherwise silent bvg-repressed genes are now expressed (5) .
Genetic and DNA sequence analyses of the bvgABC operon suggest that the bvgA and bvgC products are members of the two-component family of bacterial signal transduction proteins (6) . Prokaryotic organisms utilize two-component systems to regulate cellular functions in response to environmental conditions (7) . The BvgA protein is homologous to regulator components as demonstrated by the presence of an N-terminal "receiver" domain, whereas BvgC shares homology with sensor components and contains a C-terminal "transmitter" domain (8, 9 ).
We have previously described an in vivo system to examine cis-acting sequences and trans-acting factors involved in bvg-mediated transcriptional regulation and sensory transduction (10) . This system was developed in Escherichia coli and contains the promoter region of the bvg-activated JfhaB gene attached to a promoterless lacZYA operon on a A prophage. The single-copyjflaB::lacZYA fusion is expressed when the bvgABC operon is present in trans on a multicopy plasmid. The fusion can also be activated by overexpressing bvgA alone, demonstrating that bvgA encodes a transcriptional activator (11) . Furthermore, using this system we have shown that the products of the bvgABC operon mediate the response to MgSO4, nicotinic acid, and temperature.
In this study we have used transcriptional fusions and primer extension in B. pertussis and E. coli to examine the regulation of the bvgABC operon. Our results show that the bvgABC operon is autogenously activated in a manner that responds to environmental signals. In addition, the operon is transcribed by two promoters that function under different conditions. A possible mechanism for autogenous regulation of the bvgABC operon is presented.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Growth Conditions. The bacterial strains and plasmids used in this study are described in Table 1 . E. coli strains were grown on L-agar plates ( 6.8) . Antibiotics were supplemented for B. pertussis strains at the following concentrations: ampicillin, 50 jg/ml; streptomycin, 400 tg/ ml; tetracycline, 10 ,g/ml; rifampin, 20 pg/ml.
Recombinant DNA Methods. DNA ligations, restriction endonuclease digestions, and agarose gel electrophoresis were performed as described (18) . Bacterial electroporation was used to introduce plasmid DNA into E. coli (19) . A Sequenase kit (United States Biochemical) was used to determine the DNA sequence of double-stranded plasmid templates as described by the manufacturer. Enzymes were purchased from New England BioLabs and Bethesda Research Laboratories.
,8-Galactosidase (g3-gal) Assay. E. coli strains containing lacZYA fusions were grown in L broth to midlogarithmic phase as described (11). 8-gal activity was assayed by the method of Miller (20) .
Construction of bvg::kacZYA Fusions. Restriction fragments containing the 5' region of the bvgABC operon were isolated and inserted upstream of the promoterless lacZYA genes in the plasmid pRS551 (16) . The bvg::lacZYA fusions were then transferred from multicopy plasmids onto the bacteriophage ARS45 by in vivo homologous recombination. The recombinant A phage containing the bvg::lacZYA fusions were used to lysogenize the chromosome of E. coli MC4101 resulting in a single-copy fusion.
Bacterial Conjugations. Plasmids were conjugatively transferred from the donor strain E. coli SM10 to B. pertussis as described (21) .
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (23) . The primer used was a 19-mer oligonucleotide (5'-GAGGACTTTGTTGTA-CATG-3'; Operon Technologies, Alameda, CA) complementary to the 5' end of the bvgA transcript. The protocol used for primer extension is described in detail elsewhere (24) . (Fig. 2) . The bvg fusions in CR432 and CR434 were also activated upon the introduction of pCR435. These data are similar to earlier results on the transcriptional regulation of the bvg-activatedJhaB gene, which had shown that overproduction of BvgA in E. coli results in the transcriptional activation of an fhaB::lacZYA fusion (11) . From these data we conclude that BvgA functions as a transcriptional activator for the bvgABC operon in E. coli and that the operon is autogenously activated.
The effects of environmental stimuli on bvg autogenous regulation were examined by placing the entire bvgABC operon, present on the plasmid pJM26, in trans to the bvgA::lacZYA fusion in CR430. p-gal levels were determined for CR430 bvgA::lacZYA fusion in CR430 (pJM26) was activated when the bacteria were grown in L broth at 370C ( We have previously shown that this strain produces a significant amount of CAT activity, whereas CF1470, which contains the CAT fusion cassette in the reverse orientation, has nearly undetectable levels of CAT activity (6) . The insertion of the CAT gene into bvgC renders the bacteria Bvg-. This mutation can be complemented by the introduction of the plasmid pSS528, which contains the entire bvgABC operon on the broad host-range vector pRK290.
B. pertussis CF1770 containing either pSS528 or the cloning vector pRK290 was grown in Verwey broth to midlogarithmic phase. The level of CAT expression was approximately the same for CF1770 (pRK290) grown either with or without addition ofMgSO4. CF1770 (pRK290) produced 11 ± 2 units of CAT when grown in Verwey broth and 9.5 ± 4 units when 40 mM MgSO4 was present in the medium, indicating Fig. 3 .
Two different transcriptional start sites were identified upstream of bvgA. A transcript (bvgp1) that initiates 90 base pairs 5' to the bvgA start codon was detected only in bvgABC+ bacteria (Fig. 3, lanes A and E) . However, in the presence of 40 mM MgSO4, these bacteria no longer expressed the bvgp1 transcript (Fig. 3, lanes B and F) . The bvgpl transcriptional initiation site was found to be active and identically regulated in B. pertussis and E. coli. A second bvg transcriptional start site (bvgp2) is located 141 base pairs upstream of bvgA. Transcripts originating from this site were identified in bvgA-and bvgC-bacteria (Fig. 3, lanes C and  D) and also in bvgABC+ organisms grown in the presence of 40 mM MgSO4 (Fig. 3, lanes B and F) . Transcriptional initiation from the bvgp2 site was not detected in BP370 grown in the absence of MgSO4 (Fig. 3, lane A) . This was in contrast to results obtained in E. coli containing the bvgABC operon on a multicopy plasmid. MC4101 (pUW1004) grown in the absence of MgSO4 expressed both bvg transcripts (Fig. 3 production of these factors. The exact in vivo signals responsible for the coordinate regulation of B. pertussis virulence factors are not known; however, we are beginning to understand the molecular mechanisms involved in coordinate regulation and sensory transduction.
In this report, we have demonstrated that the bvgABC operon of B. pertussis is subject to positive autogenous regulation. In B. pertussis and E. coli expression of bvg gene fusions was greater in bacteria that contained a functional bvgABC operon than in bvg-organisms. Autoactivation of the bvgABC operon was shown to be sensitive to the same environmental stimuli that inhibit the expression of all previously identified bvg-activated genes. When stimuli that inhibit the expression of bvg-activated genes are present, BvgA no longer functions as a transcriptional activator. This results in a loss of bvgp1 and flhaB promoter activity and derepression of the bvgp2 promoter. A similar motif is used in the autogenous regulation of the gInALG operon ofE. coli (26) . Further molecular and genetic analysis of bvgp1 and bvgp2 is required to determine the role of each promoter in the expression of the bvgABC genes.
In E. coli, the bvgABC genes were induced by the introduction of the intact bvgABC operon as well as by overexpressing the transcriptional activator BvgA. We have previously shown that the presence of the bvgABC operon or overexpression of BvgA induces transcription of the bvgactivated IhaB gene in E. coli but does not activate the bvg-regulated ptx operon (10, 11) . In addition, we have observed a dramatic decrease in transcriptional activation of the flaB gene by the bvgABC operon in E. coli when either the flaB or bvgA upstream region is present on high copy number plasmids, but we have found that the ptx upstream region has no effect (unpublished data). This sequencespecific titration is consistent with the idea that BvgA binds to the IhaB and bvgA promoter regions. It therefore seems likely that there is a common mechanism involved in the activation of bvgABC and flaB that differs from that of ptx. The bvgABC genes and the fhaB genes are expressed from divergent promoters. The close proximity of these promoters may facilitate regulatory interactions. An extensive molecular and genetic analysis of the promoter regions for bvgABC and JhaB is necessary to determine the cis-acting sequences required for transcriptional activation of these genes and the mechanism of transcriptional activation of these genes by BvgA.
It is possible, due to the location and similar regulation of the bvgABC and flaB genes, that the bvgABC region may have originally evolved to regulate the expression of the filamentous hemagglutinin protein encoded by fhaB. The other virulence genes may have later found it advantageous to regulate their expression by networking into the sensitive environmental response capabilities present in the bvgABC system. As the number of bvg-regulated genes increased, so would the demand for bvgABC products, and this increased demand could have resulted in the evolution of a bvgautoactivated promoter. Although this theory is speculative, it will make further investigation into the molecular mechanisms involved in the regulation of bvg-activated genes an exciting area of research.
